Abstract There is controversy as to the recommended daily intake of selenium (Se), and whether current New Zealand diets are adequate in this nutrient. Various functional single-nucleotide polymorphisms (SNPs) polymorphisms may affect the efficacy of Se utilisation. These include the glutathione peroxidases GPx1 rs1050450, GPx4 rs713041, as well as selenoproteins SEPP1 rs3877899, SEL15 rs5845, SELS rs28665122 and SELS rs4965373. This cross-sectional study measured serum Se levels of 503 healthy Caucasian men in Auckland, New Zealand, between ages 20-81. The Se distribution was compared with activities of the antioxidant enzymes glutathione peroxidase and thioredoxin reductase, and DNA damage as measured by the single cell gel electrophoresis assay, both without and with a peroxide-induced oxidative challenge. Serum Se was measured using inductively coupled plasma-dynamic reaction cell-mass spectrometry, while selenoprotein SNPs were estimated using TaqMan Ò SNP genotyping assays. While antioxidant enzyme activities and DNA damage recorded after a peroxide challenge increased with increasing serum selenium, the inherent DNA damage levels in leukocytes showed no statistically significant relationship with serum selenium. However, these relationships and dietary Se requirements at the individual level were modified by several different SNPs in genes for selenoproteins. The GPx1 rs1050450 C allele was significantly associated with GPx activity. Significant correlations between serum Se level and GPX activity were seen with all genotypes except for homozygous minor allele carriers, while the GPx1 rs1050450 CT genotype showed the highest correlation. Several genotypes showed significant correlations between serum Se and TR activity with SEPP1 rs3877899 GG genotype showing the highest correlation. A significant decreasing trend in DNA damage with increasing serum Se was seen among GPx1 rs1050450 CC and GPx4 rs713041 TT genotype carriers up to a serum Se level of 116 and 149 ng/ml, respectively. In the absence of this genetic information, we would recommend a serum Se concentration in the region of 100-150 ng/ml as providing a useful compromise.
Introduction
There is controversy over the potential role of the essential human micronutrient, selenium (Se), in the prevention of cancers such as prostate cancer. Se status varies substantially across different populations and different ethnic groups (Bleys et al. 2008; Cook et al. 2005; Johnson et al. 2010; Kant and Graubard 2007) . A trace element, Se enters the food chain through plants, and the amount and bioavailability of Se in the soil typically reflects the plant level. It has been generally considered to be low in New Zealand soils and probably diets (Thomson et al. 2007 ).
Although it is the South Island of New Zealand that is generally considered Se deficient, our own work has suggested that this may also be true for North Island populations (Karunasinghe et al. 2004 .
There is reason to believe that individual requirements for Se will differ because of polymorphisms in selenoprotein genes (Ferguson and Karunasinghe 2011; Hesketh 2008; Hesketh and Meplan 2011) . Se effects on prostate cancer development may act through antioxidant pathways, whose efficacy is related to single-nucleotide polymorphisms in certain genes for selenoproteins (Cooper et al. 2008; Li et al. 2005) . Among the *25 selenoproteins known to date, various functions are well characterised, of which several examples follow. These include Se transport (selenoprotein P), antioxidant/redox properties (glutathione peroxidases (GPxs), thioredoxin reductases and selenoprotein P) and anti-inflammatory properties (selenoprotein S and GPx4). Glutathione peroxidase 1 (GPx1) is the most abundant selenoperoxidase and is ubiquitously expressed in almost all tissues (Cheng et al. 1997 (Cheng et al. , 1998 . GPx1 can reduce hydrogen peroxide or fatty acid hydroperoxides rapidly from tissues (Brigelius-Flohé 1999) . Unlike GPx1, Glutathione peroxidase 4 (GPx4), or phospholipid hydroperoxidase is a monomer, and is the only GPx enzyme that reduces phospholipid hydroperoxides (Bellinger et al. 2009 ) which are fatty acid hydroperoxides esterified to phospholipids commonly occurring in cell membranes undergoing oxidative stress (Thomas et al. 1990 ). GPx-4 controls the NF-kB-dependent interleukin 1 (IL-1) signalling and thereby inhibits the biosynthesis of leukotrienes and prostanoids. This is done by interfering with the activity of cyclooxygenases and lipoxygenases mediating the inflammatory process (Brigelius-Flohe 2006) , producing lipoxygenase metabolites (Villette et al. 2002) . Thioredoxin reductase (TR) is part of a major thiol-based redox pathway working alongside thioredoxin and NADPH. TR reduces selenates and selenites to selenides which are precursors for selenoprotein synthesis (Selenius et al. 2010 ). The Selenoprotein P (SEPP1) gene promoter interacts with cytokine and growth factor pathways, suggesting that inflammation can alter its' activation (Al-Taie et al. 2002; Dreher et al. 1997; Mostert et al. 2001) . Selenoprotein S is an endoplasmic reticulum protein involved in removing unfolded proteins (Kelly et al. 2009 ). The promoter region of the SELS gene has two sites for the binding of transcription factor NFjB, and is activated by pro inflammatory cytokines (Gao et al. 2006) . The 15-kDa selenoprotein (SEL15 gene) is also considered as an endoplasmic reticulum protein involved in the unfolded protein response (Shchedrina et al. 2010 ).
The current analysis investigates 503 healthy men in Auckland, New Zealand, and relates serum Se level and certain selenoprotein genotypes to biomarkers of Se status and genomic stability . These biomarkers include activity of seleno-enzymes GPx and TR and leukocyte DNA damage levels. The single-nucleotide polymorphisms (SNPs) considered here are functional SNPs: GPx1 rs1050450, GPx4 rs713041, SEPP1 rs3877899, SEL15 rs5845, SELS rs28665122 and SELS rs4965373 (Martinez et al. 2008) . The GPx1 rs1050450 SNP occurs within exon 1 of the GPx1 gene and forms structurally different subunits containing either prolein or leucine at codon 198 (Moscow et al. 1994) . Located in the 3 0 UTR near the selenocysteine (Sec) insertion sequence element, the GPx4 rs713041 C [ T polymorphism can modulate GPx4 activity by altering Sec insertion and protein binding to the 3 0 UTR (Meplan et al. 2008) . The major allele G of SEPP1 rs3877899 favours the production of a Se-rich 60 kDa isoform, while allele A favours the 50-kDa low Se isoform (Meplan et al. 2009; Mostert et al. 1998) , and may be an evolutionary adaptation for survival in low Se environments. Differential Se incorporation among SEL-15 rs5845 C and T alleles are also reported (Kumaraswamy et al. 2000) . According to Curran et al. (2005) , the G allele of SEL-S rs28665122 SNP was required to produce sufficient promoter activity in the presence of a stress stimulator, whereas the A allele has shown significantly lower activities.
Considering the above functional differences of gene polymorphisms, the current analysis was undertaken to investigate whether the biomarkers assessed have variations depending on the above gene polymorphisms and/or serum Se status.
Methods

Study population
A total of 503 male subjects from Auckland, New Zealand, self-reported as having European ancestry, took part in this study. They were of ages ranging from 20 to 81 years, have self-reported as having no history of cancers or any urological problem, and are not taking more than 50 lg Se/day as supplements. They are part of a group of volunteers recruited with informed consent for the Se supplementation trial carried out by the Discipline of Nutrition, University of Auckland (Ethics Ref: NTY/06/07/060). At entry to the study, the height and weight of the volunteers were noted, and they submitted answers to a health and lifestyle questionnaire. A summary of their demographic characteristics is given in Table 1 .
Blood collection and processing
At the entry to the study, blood samples from each volunteer were collected in each of an EDTA, heparin, and plain vaccutainer tube. An aliquot of the EDTA sample was subsequently used for DNA extraction. Total genomic DNA was extracted from blood with the QIAamp DNA Blood Mini Kit (Qiagen) according to the manufacturer's instructions, using a fully automated procedure on the QIAcube.
SNP genotyping
The TaqMan Ò SNP Genotyping Assay from Applied Biosystems was used in the SNP genotyping of the panel of genes selected in this study. The assays were obtained either as pre-designed from Applied Biosystems or custommade through Assay-by-Design service by ABI. Samples were assayed along with no-template and HapMap controls, and run on the AB 7900HT Fast Real-Time PCR System using the conditions: 10 min 95°C enzyme activation followed by 40 cycles at 92°C for 15 s and 60°C for 1 min (annealing/extension). The allelic discrimination results were determined after the amplification by performing an endpoint read.
Enzyme activities
Erythrocyte lysates were prepared from an aliquot of EDTA bloods and were assayed for GPx activities using a modified protocol of Wendel (1981) as described by Karunasinghe et al. (2006) . One unit of GPx activity is defined as 1 mmol NADPH oxidized/min at 37°C. TR activities on erythrocyte lysates were assayed using the method of Smith and Levander (2002) with minor modifications, as reported in Karunasinghe et al. (2006) . One unit of TR activity is defined as 1 mmol 5-thio-2-nitrobenzoic acid formed/min at 37°C.
DNA damage
Heparinised blood was used to quantify DNA damage levels in leukocytes from fresh blood or peroxide challenged (200 lM) blood using the comet assay, as described in Karunasinghe et al. (2004) and Ferguson et al. (2010) . DNA damage was quantified as percentage DNA in the comet tail.
Serum selenium
Plain tube blood was spun at 2,000 g for 10 min at 4°C to separate the serum. Serum Se level was assayed at Gribbles Veterinary Pathology, Hamilton, using a modified semi automated fluorometric assay based on Watkinson (1979) , Watkinson and Brown (1979) and Rongpu et al. (1986) . The fluorescence of the final benzopiazselenol extracted into cyclohexane was measured with an excitation wave length of 360 nm and emission wave length of 518 nm.
Statistical analysis
Since the serum Se concentrations from analysis were the log-transformed values, the estimated actual Se concentrations were determined by utilizing the exponential (antilog) function (and will be hereafter referred to as serum Se level). Smoking status, dietary supplementation and alcohol consumption were investigated, in order to check whether there were significant effects of these on serum Se level and the biomarkers. Relationships between serum Se and biomarkers within genotypes were examined using Pearson's correlation statistics for simple correlations. Multiple regression analyses were carried out using generalised linear models (GLM), using the GLM procedure in SAS. Whether the relationship between the outcome and the predictor of serum Se concentration was linear was tested by fitting a quadratic polynomial. The GPx1 rs1050450 C/C and GPx4 rs713041 T/T genotypes show significant nonlinearity, so a 'broken stick' regression (Seber 1938) was fitted, with different linear regression models in two different regions constrained so that the fitted curve was continuous at the break point concentration. The optimal break point was chosen by taking the concentration which gave rise to the lowest RSS (Residual Sum of Squares). This occurred at 116.07 and 149.23 ng/ml serum Se (P = 0.044 and P = 0.042, respectively). None of the other genotypes showed a nonlinear distribution with this or any other marker. All analyses including broken stick regression were carried out using R (Ihaka and Gentleman 1996) and SAS (V9.1 SAS Institute, Cary, NC, USA).
Results
Demographic data
A summary of the demographic data for the study population is given in Table 1 . The mean age of the study group was 52.3 ± 13.9y with a mean body mass index (BMI) of 26.7 ± 3.7. While 65% of the study population had never smoked, 5.4% were current smokers and 29.4% were past smokers ( Table 1) . The study population was generally a health conscious group, with 67% recording a family history of cancer and 44.7% of the subjects taking dietary supplements including single or multi vitamins and minerals, occasionally or regularly (Table 2) . Among the supplement users, 39% have used Se supplements or multivitamin and mineral supplements (Table 2) . According to the sales figures from Pharmacybrands Limited New Zealand (personal communication), 3.7% of multivitamins sold in New Zealand contain Se. Therefore, Se supplements and the multivitamin supplements were considered together as possible sources of Se and were considered as supplements with Se in the current analysis.
Biomarker variation with lifestyle habits
The mean serum Se level among the participants was 111.6 ± 1.21 ng/ml (Table 1) . Serum Se concentrations were significantly different among participants according to smoking status. The current smokers had lower levels of serum Se concentrations compared with participants who have never smoked (OR = 0.92, 95% CI = 0.85-0.99, P = 0.020), although no significant differences between former smokers and never smokers were observed (Table 2 ). There was no significant difference in serum Se level among those consuming alcoholic drinks compared with the others. Se-containing supplements have nonsignificantly increased the serum Se level by 5.7% compared with those who do not use any supplements or 4.3% compared with other supplement users ( Table 2 ). GPx and TR activities and % tail DNA levels, with and without a peroxide challenge, were not significantly different according to smoking status and dietary supplementation status (Table 2) .
Correlations among selenium concentrations, seleno enzyme activities and % tail DNA
The variation of biomarker levels among subjects with increasing serum Se level is shown in Fig. 1 . An increasing trend for the GPx and TR activity levels and peroxide challenged DNA damage is observed with increasing serum Se level. GPx and TR activities have not shown a plateau at this level. There were weak but positive and significant correlations, between overall serum Se concentration and GPx and TR activities and peroxide challenged DNA damage (Table 3) . Overall % tail DNA in peroxide challenged leukocytes was significantly and positively associated with GPx and TR activities and % tail DNA in fresh blood leukocytes. The overall % tail DNA in fresh blood leukocytes was not directly related to serum Se level, GPx or TR activities.
Biomarker correlation with SNP genotypes
The data were stratified based on the genetic polymorphisms and analysed further. All except the homozygous minor alleles of the SNPs studied showed significant positive correlations between serum Se and GPx activity (P = 0.0003-0.049) ( Table 4) . Strong correlations were shown by GPx1 rs1050450 CT, SEP15 rs5845 CC, GPx4 rs713041 CT and SEPP1 rs3877890 GG and AG genotypes (P = 0.0003-0.003) ( Table 4) . TR activity was also significantly correlated with at least one genotype of each gene and was most strongly associated with SEPP1 rs3877899 GG genotype (P = 0.0001) ( Table 5) . Fresh blood DNA damage showed no significant correlations with serum Se when stratified according to genotype (Table 6 ). However, GPx1 rs1050450 CC and GPx4 rs713041 TT showed a significant quadratic function, and were fitted with a broken stick regression, with the lowest RSS at 116.07 and 149.23 ng/ml serum Se respectively (P = 0.044 and P = 0.042, respectively) (Fig. 2) . Serum Se and DNA damage after a peroxide challenge was associated only with the SELS rs4965373 AG genotype (P = 0.003) ( Table 7) . 
Discussion
A previous group of men from Auckland, New Zealand, that were considered high risk for prostate cancer, had a mean serum Se level of 96.3 ± 1.2 ng/ml . In comparison, the current study group, considered as having normal cancer risk, had a relatively higher serum Se level, of 111.6 ± 1.2 ng/ml. Given the time disparity, we cannot be certain whether these differences are associated with prostate cancer risk, or possibly imply a changing Auckland Se status. The current study also shows the possibility of smokers utilising their serum Se faster than nonsmokers and therefore ending up with significantly lower serum Se levels. Reduced levels of Se among smokers are also reported by Lloyd et al. (1983) . This study has shown positive correlations of serum Se with GPx1 and TR activities in the study population, as previously described Thomson et al. 2009 ). Se is known to increase DNA repair activities (Fischer et al. 2007; Kotsopoulos et al. 2010; Kumar et al. 2010) , including base excision repair enzyme activities (Dziaman et al. 2009 ). The increase of DNA damage, quantitated in peroxide challenged leukocytes with increasing Se levels and subsequent TR and GPX activities, could be a consequence of increased DNA repair mechanisms taking place. As previously suggested (Hesketh 2008; Rayman 2009 ), selenoprotein activity, expression and functions could vary depending on selenoprotein SNPs. Therefore, we further analysed our data to see possible trends with a few relevant gene polymorphisms. The significant association of GPx activity with serum Se level seen among GPx1 rs1050450 CC genotype individuals is similar to observations made by Xiong et al. (2010) . There are other significant correlations between selenium and GPx activity, but these differ in exact nature according to genotype, as shown in Table 4 . It is possible that the increases shown by the minor alleles were nonsignificant due to the low numbers of subjects carrying those alleles. Genotypic variation in correlations between Se and GPx activity have been reported before by Jablonska et al. 2009 . Their study has shown correlation strengths of GPx rs1050450 genotypes in the order of the genotypes CC [ CT [ TT. However, in our study, the CT genotype has the highest correlation between GPx activity and serum Se level. Various GPx polymorphisms can alter the structure and the stability of the respective mRNAs and protein products (Zhuo and Diamond 2009) . Using Caco-2 cell variants carrying either C or T alleles of GPx4 rs713041 SNP, Gautrey et al. (2011) have shown the variability of GPx4 expression among variants in relation to increasing Se. The relevance of the seleno SNPs analysed here is further emphasised by the fact that the minor alleles Fig. 1 Variation of biomarker levels with serum Se level among all subjects (line fitted with 95% CI) of some of them are associated with cancer etiologies (Ichimura et al. 2004 , Zhuo and Diamond 2009 , Ratnasinghe et al. 2000 , Bermano et al. 2007 , Méplan et al. 2010 , Udler et al. 2007 ). The lower response in producing GPx activity in proportion to the available serum Se among homozygous minor allele carriers of GPx1 rs1050450 and GPx4 rs713041 SNPs could be at least partially responsible for the cancer etiologies mentioned above.
The current analysis also reports significant variability of TR activity levels among some genotypes, with the strongest correlation shown by SEPP1 rs3877899 GG genotype (P = 0.0001). Similar to our results, Meplan et al. (2007) has seen no significant difference in erythrocyte TR activity level between SEPP1 rs3877899 genotypes among men. However, their study showed that females with the SEPP1 rs3877899 GG genotype have a significantly higher erythrocyte TR activity compared with those with the GA genotype. SEPP1 rs3877899 SNP is located in the N-terminal domain of this gene and results in conversion of the alanine at position 234 to threonine (A234T, G [ A), affecting the selenoprotein P levels in vivo (Al-Taie et al. 2004; Meplan et al. 2007 ). According to Meplan et al. (2009) , the homozygous GG genotype produces more of 60 kDa SEPP1, while the GA genotype produces more of the 50-kDa isoform. The levels of TR could therefore be related to the 60-kDa selenoprotein P produced by the G allele. Kumaraswamy et al. (2000) and Hu et al. (2001) have located rs5839 to be within the site proven as a functional selenocysteine insertion sequence element, and shown that the A allele has a better Se incorporation than the G allele in Se-depleted medium. Although a significant correlation between serum Se and TR activity is seen among carriers of SEL15 rs5845 T alleles, it was those with one or two C alleles that showed a significant correlation with GPx activity.
Those subjects with the SEL-S rs28665122 GG genotype showed a significant correlation of TR activity with serum 
Peroxide DNA-DNA damage in peroxide challenged leukocytes
Fresh blood DNA-DNA damage in fresh blood leukocytes Se, while those carrying one or two G alleles showed significant correlations with GPx activity. According to Curran et al. (2005) , the G allele of this SNP was required to produce sufficient promoter activity in the presence of a stress stimulator, whereas the A allele leads to significantly lower activities. Typical with its location in a region on chromosome 15q26.3, described as carrying loci influencing inflammatory disorders, the promoter variants in the SELS gene are also associated with plasma levels of inflammatory cytokines IL-1b and TNF-a (Curran et al. 2005) . Therefore, the G allele that produces sufficient promoter activity could be responsible for signalling the production of sufficient GPx and TR activities, which could be directly or indirectly related to keeping the cytokine production under control. SNP genotype stratification has not shown any significant correlations between serum Se and DNA damage, except for increased damage shown by the SELS rs4965373 AG genotype when challenged with peroxide. This is the first reference to functionality of the SELS rs4965373 SNP. As the SELS gene is related to protein Fig. 2 Variation of biomarker levels with serum Se level among all subjects, according to genotype (line fitted with 95% CI), for those data sets best fitted by a broken stick regression. GPx1 rs1050450 C/C and GPx4 rs713041 T/T genotypes were better fitted using the broken stick regression with the lowest RSS at 116.07 and 149.23 ng/ml serum Se respectively (P = 0.044 and P = 0.042, respectively) folding functions, it could be hypothesised that heterozygotes have an impaired function with increasing serum Se and causing stress in the cellular environment. The broken stick regression shows that GPx1 rs1050450 CC and GPx4 rs713041 TT genotype carriers have a significant advantage against inherent DNA damage up to 116 and 149 ng/ml serum Se, respectively. These data could be used as a tool to optimize the Se requirements in the present study cohort, if they have either GPx1 rs1050450 CC or GPx4 rs713041 TT genotype. What is apparent from the other genotypes is that, while several respond positively to increasing Serum Se, there may be some that are significantly disadvantaged, as judged by the recorded seleno enzyme activity data and DNA stability levels.
In conclusion, this study has shown the relationship of the activity levels of GPx and TR to serum Se levels in a group of men without any cancers or urological problems, and the subsequent effects of the Se on stability of DNA. The present data, together with other studies on the effects of SNPs on selenoprotein metabolism (Hesketh 2008; Rayman 2009 ), suggest that the basic Se requirement in humans may vary with genotype for a number of variations in selenoprotein genes. However, in the absence of this information, we would recommend a serum Se concentration in the region of 100-150 ng/ml as providing a useful compromise.
